1. Introduction {#sec1}
===============

Along with the rapid development of industrialization, wastewater treatment has been considered as a huge challenge over the past decades.^[@ref1]^ Heavy metal ions and organic compounds are often discharged together with industrial wastewater, especially in the industries of metal coating, leather tanning, and petroleum refining.^[@ref2]−[@ref4]^ Photocatalysis, adsorption, and membrane filtration are widely used to treat these pollutants owing to their cleanness, high efficiency, and simple operation.^[@ref5]−[@ref7]^ Among them, for adsorption and membrane filtration, pollutants are mainly transferred from one medium to another and could not be degraded thoroughly,^[@ref8]^ while photocatalysis has the advantages of no secondary pollution, low cost, and complete degradation.^[@ref9],[@ref10]^Many studies have focused on designing photocatalysts for single pollutant treatment. Yet, it is often difficult to treat mixed wastewater using a single photocatalyst due to the different properties between heavy metal ions and organic compounds.^[@ref11]^ In addition, competitive adsorption between heavy metal ions and dyes may also decrease their removal efficiency.^[@ref12]^ Therefore, it is of great importance to design an efficient photocatalyst for simultaneous removal of multiple pollutants in the mixed wastewater.

Layered double hydroxides (LDHs) appeal to extensive interest of researchers by virtue of their large specific surface area, flexible and adjustable layer spacing, good anion exchange capacity, and adjustable composition metal ions,^[@ref7],[@ref13]−[@ref17]^ which has been used as the photocatalysts/adsorbents for the single pollutant treatment.^[@ref18],[@ref19]^ However, the fast recombination rate of the photogenerated electron--hole pairs and difficulties in subsequent separation processes limited LDH practical application in wastewater treatment.^[@ref17],[@ref20]−[@ref22]^ Previous research showed that preparation of metal/semiconductor composites and metal ions doping were effective ways for improving their photocatalytic properties. Mohapatra et al. prepared molybdate-intercalated Zn/Y LDHs by the ion exchange method. The intermetallic charge transfer of a Zn--O--Y oxygen bridge bimetallic bond excited the light absorption in the visible region, which increased the photoresponse range and improved their photocatalytic activity.^[@ref23]^ Baliarsingh et al. proposed a mechanism for methyl orange degradation on M^II^/Cr-CO~3~ LDH. During the reaction, the forming intermediate oxidizing substances (hydroxyl radicals and superoxide radicals) further prevent the recombination of photogenerated electron--hole pairs.^[@ref24]^ Sun et al. prepared a new Ag/AgCl/Zn-Cr LDHs photocatalyst by the anion exchange method. The combination of metal and LDHs promoted the degradation of RhB.^[@ref25]^ All these methods provided an effective way for photogenerated electron/hole separation by forming a charge transfer way and traps between metals and LDHs and thus improved their photocatalytic activity.

Recently, many studies have reported that the Fermi level and work function of metals affected the charge transportation for metal/semiconductor composites. For example, a series of hyperbranched polyelectrolytes of alcohols may reduce the work function of metals, promote electron transportation, and improve photovoltaic performance.^[@ref26]^ The surface polarization on the interface affected the band bending and thus decreased the Schottky barrier height at the interface between noble metals (such as Au) and PbZr*~x~*Ti~1--*x*~O~3~, which improved their photocatalytic activity.^[@ref27]^ Heavy metal ions such as Ag, Au, and Pb ions can be reduced by photogenerated electrons and reduction sites of LDHs^[@ref28]−[@ref30]^ and deposited on the surface of LDHs, which could improve the photocatalytic performance of LDHs. When treating mixed wastewater containing heavy metal ions and organic pollutants, the simultaneous treatment of heavy metal ions and organic pollutants in mixed wastewater with a single photocatalyst would be achieved.

In our previous study, NiAl-LDH films were prepared and showed higher photocatalytic activity toward methyl orange in the presence of Ag^+^ ions, which indicated that LDH films can be used in the treatment of mixed wastewater.^[@ref13]^ In this study, NiAl-LDH films were used to treat mixed wastewater containing heavy metal ions and methyl orange. The removal of both pollutants was effective and showed a synergistic effect. During the treatment, heavy metal ions were reduced and deposited on the surface of LDHs, which improved the photocatalytic activity of NiAl-LDH films on methyl orange. The effect of the Fermi level of coexisting metal ions on the photocatalytic degradation of methyl orange and selective reduction of heavy metal ions by NiAl-LDH films were studied. Moreover, compared with powders and other structures, LDH films are more easily recovered from industrial wastewater. NiAl-LDH films displayed favorable simultaneous removal performance toward heavy metal ions and methyl orange in aqueous solution and showed higher removal rates for both heavy metal ions and methyl orange, with methyl orange coexisting with multiple types of metal ions. This study on the preparation of NiAl-LDH films with reduction sites and enhanced photocatalytic properties could be used to treat the mixed wastewater simultaneously.

2. Results and Discussion {#sec2}
=========================

2.1. Structure and Morphology of NiAl-LDHs {#sec2.1}
------------------------------------------

The XRD pattern of NiAl-LDHs showed the diffraction peaks of typical LDH lamellar structure ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)a, JCPDS file no. 48-0594). The sharp peak of (003) indicated that NiAl-LDHs had a good crystalline structure. According to the (00*l*) reflections, the basal spacing values were calculated to be 0.760 nm, which coincided well with the values for CO~3~^2--^-intercalated LDH materials.^[@ref31]^ Diffraction peaks for Al(OH)~3~ were also observed.^[@ref13],[@ref32]^

Both NiAl-LDH powders ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,e) and deposition films ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,f) showed hierarchical flower-like spheres assembled by nanosheets. The spheres on NiAl-LDH deposition films show a larger size and cover the surface of substrates. However, significant changes in their morphology were observed for NiAl-LDH growth films ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,g). The sheets on NiAl-LDH growth films were intersecting and coated the surface of substrates uniformly, which was in favor of the transportation of photogenerated charges.^[@ref33]^ Under the orienting function of substrate, the sheets of NiAl-LDH growth films aligned vertically on the conductive cloth and the *ab* planes of NiAl-LDHs were perpendicular to the conductive cloth ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d,h).

![SEM images of (a, e) NiAl-LDH powders, (b, f) NiAl-LDH deposition films, (c, g) NiAl-LDH growth films, (d, h) the cross section of NiAl-LDH growth films.](ao0c02875_0002){#fig1}

TEM analysis revealed that both NiAl-LDH powders and films were in an irregular sheet-like shape ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). These nanosheets were transparent to the electron beam, suggesting that they were very thin. The HRTEM images on a single sheet revealed the crystalline nature and the lattice spacing of 0.25 nm was assigned to the (009) plane of NiAl-LDHs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d), consistent with the XRD analysis. No Al(OH)~3~ was observed by HRTEM and SAED analyses, which coincide well with previous reports.^[@ref13],[@ref32]^

![TEM images of (a) NiAl-LDH powders and (b) NiAl-LDH growth films. HRTEM images of (c) NiAl-LDH powders and (d) NiAl-LDH growth films.](ao0c02875_0003){#fig2}

According to the XPS analysis ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)), the mole ratio of Ni/Al was 2.92:1, which was different from the initial mole ratio (Ni/Al was 3:1). Due to the different chemical environments of Al in NiAl-LDHs and Al(OH)~3~, we used XPS to analyze the ratio of Ni and Al in NiAl-LDHs. Three peaks were fitted ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)a). The peaks at 68.72 and 74.48 eV are attributed to the 2p~3/2~ and 2p~1/2~ spin states of Al(III) for LDHs, respectively.^[@ref34]^ The peak at about 73.45 eV can be assigned to Al(III) for Al(OH)~3~.^[@ref35]^ According to the mole ratio of Ni/Al (2.92:1) and the peak areas of Al in NiAl-LDHs and Al(OH)~3~ (6:1), the mole ratio of Ni to Al in NiAl-LDHs was 3.4:1. Generally, the mole ratio of M(II) to M (III) is between 4:1 and 2:1 to form an M(II)M(III)-LDHs structure.^[@ref24]^ In our experiments, the mole ratio of Ni to Al in NiAl-LDHs was in the above range.

2.2. Simultaneous Removal Studies {#sec2.2}
---------------------------------

The photocatalytic properties of NiAl-LDH films in three states (growth film, deposition film, and composite film) were studied. A blank experiment using NiAl-LDH films as the photocatalyst without irradiation demonstrated that a certain amount of MO was adsorbed ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The removal rates of MO by NiAl-LDH growth films, deposition films, and composite films reached saturation at 60 min and were 32.06, 43.97, and 55.30%, respectively. NiAl-LDHs on the deposition films were assembled together to form flower-like spheres, which showed better adsorption property than NiAl-LDH growth films. The NiAl-LDH composite films were the combination of the growth films and deposition films, which exhibited the best adsorption property. After 120 min of irradiation, the removal rates of MO by NiAl-LDH growth films, deposition films, and composite films were 67.89, 60.44, and 79.16%, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The removal rate of MO was improved after illumination. For NiAl-LDH composite films, the growth film side was directly exposed to the illumination. The adsorbed MO on the deposition film side could also be degraded by photogenerated charges, which transported through conductive cloth.^[@ref36]^ The synergistic effect of adsorption and photocatalysis on NiAl-LDH composite films facilitated the degradation of MO, which resulted in the highest photocatalytic activity for NiAl-LDH composite films. In addition, after soaking in deionized water or MO solution for a month, NiAl-LDH composite films were not peeled off from the substrate, indicating a strong binding force between the film and substrate.

![(a) Adsorption property (using photocatalysts without irradiation) and (b) photocatalytic property of NiAl-LDH films in three states.](ao0c02875_0004){#fig3}

To study the role of Al(OH)~3~ in photocatalytic performance, we used a single phase of Al(OH)~3~ as the photocatalyst and studied its photocatalytic activity on the degradation of methyl orange. After 120 min of irradiation, less than 1.2% of methyl orange was degraded using Al(OH)~3~ as the photocatalyst ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)). According to the above analysis, Al(OH)~3~ has seldom effect on the photocatalytic property of NiAl-LDHs. So, in our experiments, we focus on studying the simultaneous removal effect of dye and heavy metal ions.

According to the above analysis, NiAl-LDH composite films showed the best removal rate to MO and the preparation process for composite films was simple. Therefore, NiAl-LDH composite films were used for MO removal in the subsequent experiments.

### 2.2.1. Removal Effect of NiAl-LDHs on Methyl Orange {#sec2.2.1}

The simultaneous removal experiments of MO and metal ions were conducted in a binary system, which contained MO and one type of metal ion ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The removal efficiency of MO on NiAl-LDHs was determined by the removal rates ratio *R* = *R*~b~/*R*~s~, where *R*~b~ and *R*~s~ are the removal rates of MO in binary and single systems under the same conditions, respectively. If *R* \> 1, then it indicates that coexisting metal ions could enhance the removal rate of MO, while if *R* \< 1, then it is antagonism.^[@ref4]^

![Removal rate of MO by NiAl-LDH composite films. (a, b) Adsorption activity (the blank experiments adding photocatalysts without irradiation), (c, d) photocatalytic activity, (e, f) removal rate of MO after 120 min, and (g, h) removal rate of MO by NiAl-LDH powders. (a, c, e, g) MO with single type of metal ion. (b, d, f, h) MO with multiple types of metal ions.](ao0c02875_0005){#fig4}

A blank experiment in the absence of the photocatalyst but under irradiation showed that no MO degradation occurred ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,d). Another blank experiment adding NiAl-LDH composite films without irradiation demonstrated that NiAl-LDH composite films could adsorb MO ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). They showed a fast adsorption rate during the first 30 min and then reached to adsorption equilibrium at 60 min. Without metal ions, the adsorption rate of MO reached 54.43% after stirring in the dark for 120 min ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Interestingly, MO removal performance increased with the increasing *E*~F~ of the coexisting metal ions ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). In the presence of Pb^2+^ (*E*~F~ = 9.37 eV), the adsorption rate of MO was 67.52%, while the adsorption rate was 56.03% with Na^+^ (*E*~F~ = 3.23 eV). Under irradiation, the removal rate of MO by NiAl-LDH composite films was significantly improved and reached 79.16% after 120 min of irradiation. Correspondingly, the removal rates ratio (*R*) of MO were enhanced (*R* = 1.01--1.43) by the coexistence of metal ions ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The removal rates of MO were 82.55% (with Pb^2+^) and 79.71% (with Na^+^) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c,e). Notably, the removal rates of MO on NiAl-LDH composite films not only enhanced under irradiation but also improved with the increase in the *E*~F~ of coexisting metal ions.

![*R* values versus the coexisting metal ions for simultaneous removal of MO onto NiAl-LDHs in (a) MO and metal ion binary system and (b) MO and metal ion multiple system. (c) FTIR spectra of (c1) NiAl-LDH composite films after adsorption experiment, (c2) the deposition film side, and (c3) the growth film side after photocatalytic experiment.](ao0c02875_0006){#fig5}

When the mixed wastewater containing MO and multiple types of metal ions ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,d), the coexisting metal ions showed a similar effect on the removal of MO in both the photocatalytic experiments and adsorption experiments. The coexisting multiple types of metal ions could rapidly increase the removal rate of MO by NiAl-LDH composite films ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}f). The removal rate ratio *R* = *R*~m~/*R*~s~ was also calculated, where *R*~m~ is the removal rate of MO, with wastewater containing MO and multiple types of metal ions. The values of *R* (*R* = 1.04--1.59) also confirmed this interactive effect. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, the existence of metal ions could facilitate MO removal.

For comparison, the photocatalytic activity of NiAl-LDH powders was studied ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}g,h and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)). The removal rate of MO by NiAl-LDH powders was similar to the adsorption rate (54.28% after 120 min of irradiation, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)c) in mixed wastewater containing MO and one type of metal ion. With multiple types of metal ions existing, NiAl-LDH powders showed better adsorption properties. However, for adsorption, the removal rates ratio (*R*) of MO was less than 1 (*R* = 0.93--0.99) in some systems. In general, NiAl-LDH composite films exhibited a better removal activity than NiAl-LDH powders.

The experimental data were fitted by pseudo-first-order, pseudo-second-order, and Langmuir--Hinshlwood kinetic models ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [Figure S6--S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)), respectively, and the corresponding fitting values are listed in [Table S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf). According to the highest values of *R*^2^, the time-dependent removal process was well described by a pseudo-second order kinetic model, indicating that the removal of MO by NiAl-LDHs was limited by the diffusion of MO on NiAl-LDHs.^[@ref37],[@ref38]^ The morphology and structure of NiAl-LDH powders and composite films were different, which affected the diffusion process of MO, thus resulting in different photocatalytic activities.

![Pseudo-second-order kinetic model of (a, b) adsorption reaction and (c, d) photocatalytic reaction.](ao0c02875_0007){#fig6}

Based on the above analysis, NiAl-LDH composite films displayed certain adsorption performance to MO, although they showed higher photocatalytic activity. We used the FTIR spectra to investigate NiAl-LDH composite films after photocatalytic experiments and adsorption experiments ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c). After adsorption experiments, some peaks for MO were observed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c1). The peak at 1200 cm^--1^ was the absorption from −SO~3~^--^. Peaks at 1450--1600 cm^--1^ are the absorption from aromatic rings. After photocatalytic experiments, no obvious peaks for MO were observed from the growth film side of NiAl-LDH composite films (facing the light, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c3), while the peaks of aromatic ring on the deposition film side decreased and no peaks of −SO~3~^--^ were observed ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c2). It can be seen that the amount of MO adsorbed on the deposition film side after photocatalytic experiments was much less than that after adsorption experiments, which further indicated that MO adsorbed by the deposition film side could be degraded during photocatalytic experiment. The differences of FTIR spectra between photocatalytic experiments and adsorption experiments also confirmed that the degradation of MO by NiAl-LDH films under irradiation was not through adsorption. The adsorbed MO was degraded rather than adsorbed on the surface of NiAl-LDH films, which can avoid the secondary pollution caused by desorption.

### 2.2.2. Removal Effect of NiAl-LDHs on Heavy Metal Ions {#sec2.2.2}

To evaluate the selective performance of NiAl-LDHs for heavy metal ions, wastewater containing MO and multiple types of heavy metal ions (Ag, Cu, and Pb ions) was used. Blank experiments using NiAl-LDH composite films as the photocatalyst without irradiation demonstrated that NiAl-LDH composite films showed higher adsorption ability for Pb ions than that of Ag and Cu ions in the presence of single type of metal ion, while NiAl-LDH composite films showed a fast increase in the removal rate of Ag ions with multiple types of metal ions coexisting ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). From the highest to lowest, the selectivity removal order of these three heavy metals was Ag (90.58%) \> Pb (10.64%) \> Cu (3.65%).

![Removal rate of heavy metal ions by (a) NiAl-LDH composite films and (b) NiAl-LDH powders. The wastewater contains heavy metal ions and MO.](ao0c02875_0008){#fig7}

After irradiation, the removal rate of heavy metal ions by NiAl-LDH composite films was improved. NiAl-LDH composite films showed a higher photocatalytic removal rate for Ag and Pb when there was a single type of metal ion ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), while in the presence of multiple types of metal ions, NiAl-LDH composite films showed a fast increase in the removal of Cu ions. The removal rates for all heavy metal ions (Ag, Cu, and Pb ions) were more than 95% using NiAl-LDH composite films as the photocatalyst ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a).

For comparison, NiAl-LDH powders were also used as the photocatalyst. Only a small quantity of heavy metal ions was removed (0--5%), except that the removal rates of Ag ions in a mixed solution of Ag, Cu, and Pb ions could increase to 35.84% (without irradiation) and 55.78% (under irradiation) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). The photocatalytic degradation rate of NiAl-LDH composite films to Ag ions was as high as 100%, and that of Pb ions was 95.18%, far higher than that of NiAl-LDH powders.

To investigate the stability, NiAl-LDH composite film renewability experiment was carried out by repeating photocatalytic degradation of MO and heavy metal ions. After each cycle, NiAl-LDH composite films were washed three times with water for the next photocatalytic experiment. The degradation ratios of NiAl-LDH composite films on MO and heavy metal ions were maintained at 78.5% (for MO), 99.2% (for Ag ions), and 94.8% (for Pb ions) at 120 min after four cycle experiments ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The reuse examination showed that the NiAl-LDH composite films could be recycled and reused four times without loss of degradation efficiency. Meanwhile, no noticeable change was observed in the particle morphology of NiAl-LDH sheets before and after photocatalytic reaction ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). NiAl-LDH composite films exhibited good stability and regeneration capacity.

![Stability of NiAl-LDH composite films after four cycles of photocatalytic degradation for (a) MO and (b) Ag and Pb ions.](ao0c02875_0009){#fig8}

![SEM images and TEM images after photocatalytic reaction in wastewater containing MO, Ag^+^ ions, and Pb^2+^ ions. SEM images of (a) the deposition film side and (b, c) growth film side. (d, e) TEM images and (f) HRTEM image of the growth film side. Inset in (d) is the corresponding HRTEM image. Insets in (a)--(c) are the corresponding EDS spectra. The red circles represent the EDS spots.](ao0c02875_0010){#fig9}

2.3. Removal Mechanism Study {#sec2.3}
----------------------------

To explore the possible simultaneous removal mechanisms, NiAl-LDH composite films after photocatalytic reaction were examined by SEM, TEM, and EDS. No noticeable changes were observed in the morphology of LDH sheets before and after photocatalytic reaction ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). NiAl-LDH composite films exhibited good stability for the degradation of MO and heavy metal ions. After the photocatalytic reaction, dendritic crystals were observed on both sides of NiAl-LDH composite films. Some small particles were also observed from the enlarged SEM image ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c). The EDS spectra of dendritic crystals and attached small particles showed stronger Ag and Pb bands and confirmed the existence of Ag and Pb on the surface of NiAl-LDH composite films after photocatalytic reaction (insets in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a--c). The content of elements in the EDS spectra is shown in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf).

NiAl-LDHs on the growth film side were peeled off and observed by TEM. After the photocatalytic reaction, the HRTEM image taken from one sheet was indexed to the (108) plane, which well matched the reported values of the NiAl-LDH structures (insets in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}d). Ag particles were observed attached on the surface of NiAl-LDH sheets ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}e). The lattice spacing (0.24 nm) of particles can be indexed to the (101) plane of Ag (JCPDS file no. 41-1402, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}f). Also, the HRTEM image from the sheet (marked by the ellipse, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}e) exhibited clear lattice fringes with a d-spacing value of 0.19 nm corresponding to the (108) reflection of NiAl-LDHs. It further demonstrated the formation of Ag after photocatalytic reaction.

To confirm the reduction of heavy metal ions, the changes of the oxidation states were monitored by XPS. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the XPS spectra of Ag, Cu, and Pb ions on NiAl-LDHs after photocatalytic and adsorption reactions. Two weak peaks at a binding energy of 374.2 and 368.2 eV were observed after adsorption by NiAl-LDH powders ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a1), which could be indexed to 3d~3/2~ and 3d~5/2~ of Ag (0) and indicate partial reduction of Ag species.^[@ref39]−[@ref41]^ The reductive sites (Ni(II), Co(II), and Cr(III)) in LDHs could help capture heavy metal ions through an in situ redox reaction,^[@ref30],[@ref42]^ which resulted in the formation of metallic Ag. After irradiation, the removal rate of Ag^+^ ions increased and the peak intensity for Ag (0) was increased, consistent with the atomic absorption spectrophotometry (AAS) analysis ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a2). When using NiAl-LDH composite films as the photocatalyst, the removal rate of Ag^+^ ions was 100% and all peaks for Ag (0) and Ag(I) were observed. Two peaks at 367.3 and 373.3 eV with a distance of 6.00 eV were attributed to Ag(I) of Ag~2~O, while those peaks at 374.2 and 368.2 eV for Ag (0) were also observed ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a3,a4).^[@ref39]^ According to the peak area of Ag 3d~5/2~, the percentage of Ag(I) is 86.1%, which demonstrated that Ag^+^ ions from solution were reduced to metallic Ag by the photocatalytic process and further oxidized to form Ag~2~O in air.

![High-resolution XPS spectra of (a) Ag 3d, (b) Pb 4f, and (c) Cu 2p after photocatalytic and adsorption reactions. (a1, b1, c1) Without irradiation and (a2--a4, b2--b4, c2--c4) under irradiation.](ao0c02875_0011){#fig10}

Two peaks at 138.8 and 143.5 eV with a distance of 4.7 eV are observed after photocatalytic reaction ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b2--b4), which were attributed to the 4f~7/2~ and 4f~5/2~ spin states of Pb (II) for lead carbonate (Pb(OH)~2~CO~3~). Weak peaks at 136.9 and 141.9 eV with a distance of 5.0 eV for Pb (0) were also observed.^[@ref9]^ No obvious peaks for Pb (0) were observed for NiAl-LDH powders after adsorption reaction ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b1). After irradiation, Pb was deposited on the surface by the photocatalytic reduction process, and the peaks for Pb (0) were observed.^[@ref43]^ The peaks of Pb in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b2 were obviously lower than that in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b3,b4, which indicated that the higher photoreduction efficiency of Pb^2+^ was obtained when using NiAl-LDH composite films as photocatalysts.

The peaks of Cu2p were clearly observed on NiAl-LDH composite films after photocatalytic reaction. Two peaks at 952.4 and 932.4 eV with a distance of ∼20 eV and a weak satellite at 943 eV were attributed to the 2p~1/2~ and 2p~3/2~ spin states of Cu(I) for Cu~2~O ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c3,c4).^[@ref44]^ The peaks corresponding to Cu (II) at 933.6 and 942 eV (strong satellites) were absent for both NiAl-LDHs. This demonstrated the partial reduction of Cu^2+^ from solution. No peaks for Cu were observed for NiAl-LDH powders ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}c1,c2).

The XPS analysis confirmed the reduction of heavy metal ions during photocatalytic reaction. NiAl-LDH composite films exhibited a higher recovery of Pb, Cu, and Ag ions than NiAl-LDH powders, consistent with the result of AAS analysis. Based on the above analysis, NiAl-LDH composite films showed a synergistic removal effect on MO and heavy metal ions in mixed wastewater. The possible simultaneous removal mechanism on NiAl-LDH composite films was proposed as follows.

### 2.3.1. Removal of Methyl Orange {#sec2.3.1}

It is known that MO changes to a negatively charged azo structure under neutral and acidic conditions (pH value greater than 4.5).^[@ref45]^ In our experiments, the pH value was between 6 and 7. Due to the electrostatic interactions between the positively charged NiAl-LDHs and negatively charged MO, both NiAl-LDH powders and composite films could adsorb MO. In addition, NiAl-LDHs could adsorb metal ions.^[@ref46],[@ref47]^When MO coexisted with metal ions, positively charged metal ions were adsorbed on the surface of NiAl-LDHs, which promoted the adsorption of negatively charged MO. The existence of metal ions facilitated the adsorption of anionic MO by NiAl-LDHs, which led to the high adsorption rate of MO with multiple metal ions coexisting ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}).

![Mechanism of simultaneous removal of MO and heavy metal ions on NiAl-LDH composite films.](ao0c02875_0012){#fig11}

Irradiation promoted the degradation of the adsorbed MO and increased the removal rate of MO by NiAl-LDHs. The metal particle reduced from ions could improve the photocatalytic activity of NiAl-LDHs on MO. NiAl-LDHs were stimulated by light and generated electron--hole pairs, which could reduce the heavy metal ions adsorbed on the surface of NiAl-LDHs and realized the recovery of heavy metal ions.^[@ref9],[@ref22]^ It has been reported that heavy metals on the surface of materials such as Ag nanoparticles were excellent electron trappers, which could transfer electrons from the conduction band (CB) of semiconductors and increase their photocatalytic activity.^[@ref22],[@ref48]^ In our experiments, reduced heavy metal ions contacted with NiAl-LDHs (n-type semiconductor) to form a Schottky barrier ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}), which could act as electron traps, separate photogenerated electron--hole pairs, and thus improve the photocatalytic activity of NiAl-LDHs on MO.^[@ref15],[@ref22],[@ref27]^ Metals with high *E*~F~, which showed a low work function and Schottky barrier, had a more active surface, facilitated the transfer of electrons from NiAl-LDHs to metals,^[@ref49]−[@ref51]^ and then increased their photocatalytic efficiency. Therefore, with the increase in the *E*~F~ of the coexisting metals, the removal rate of MO by NiAl-LDHs increased.^[@ref52]^ TEM and XPS analyses also confirmed the reduction of heavy metal ions (Ag^+^, Cu^2+^, and Pb^2+^ ions) after photocatalytic reaction.

### 2.3.2. Removal of Heavy Metals {#sec2.3.2}

With the degradation of MO, NiAl-LDHs were also applied to recover the coexisting heavy metal ions from both individual solutions of Cu^2+^, Pb^2+^, and Ag^+^ ions and mixture of these ions. The removal rates of heavy metal ions by NiAl-LDH composite films were better than that of NiAl-LDH powders. Compared with adsorption, the removal rate of heavy metal ions by NiAl-LDH composite films under light was significantly improved. Under irradiation, NiAl-LDHs could be excited to produce electron--hole pairs, which were transferred to the surface of NiAl-LDH composite films and reduced heavy metal ions, consistent with the TEM and XPS analyses.

NiAl-LDH composite films showed enormous affinity toward Ag^+^ ions and displayed selectivity in the order Ag^+^ \> Pb^2+^ \> Cu^2+^. Besides being reduced by photogenerated electrons, redox reactions take place among these heavy metal ions. According to the standard electrode potential (φ(Ag^+^/Ag) = 0.7991 V, φ(Pb^2+^/Pb) = −0.126 V, and φ(Cu^2+^/Cu) = 0.34 V), Ag ions show the strongest oxidizability. Therefore, Ag^+^ ions were always reduced preferentially from both individual solution of Ag^+^ ions and mixture of these ions. In addition, this effect could also be ascribed to the adsorbed MO molecules on the surface of NiAl-LDHs, which have additional nitrogen containing groups and offer new sites for Ag^+^ ion capture.^[@ref53]^

Thus, the enhanced and simultaneous removal mechanism could be attributed to (i) the electron traps of heavy metals reduced from solution, (ii) electrostatic attractions between MO and meal ions, (iii) additional nitrogen-containing groups offered by the adsorbed MO, and (iv) redox reactions taking place among coexisting heavy metal ions. The possible removal mechanisms are summarized in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}.

Meanwhile, NiAl-LDH composite films showed higher photocatalytic removal ability for heavy metal ions and MO in mixed wastewater than NiAl-LDH powders, which confirmed that the substrate with high electroconductivity facilitated the efficient transportation of photogenerated charges among the NiAl-LDHs.^[@ref54],[@ref55]^ In addition, NiAl-LDH films could be separated easily from the solution, providing a simple method for the recovery of catalysts.

3. Conclusions {#sec3}
==============

NiAl-LDH composite films on the surface of conductive cloth were successfully prepared by the hydrothermal method, which showed layer structures and distributed uniformly on the surface of the substrate. NiAl-LDH composite films were demonstrated as an efficient photocatalyst for the simultaneous removal of heavy metal ions (Ag^+^, Cu^2+^, and Pb^2+^) and MO from aqueous solution. These films could be separated easily from the solution and provide a simple method for the recovery of the catalyst. Benefiting from the electron traps of heavy metals reduced from solution and the adsorbed positively charged metal ions, the coexisting metal ions improved the photocatalytic activity of NiAl-LDH films to methyl orange. With the increase in the Fermi level of coexisting metal ions, the photocatalytic activity of NiAl-LDH composite films increased (from 79.71 to 82.55%). NiAl-LDH composite films were also applied to recover coexisting heavy metal ions from the mixed wastewater. NiAl-LDH composite films showed affinity toward Ag^+^. More importantly, with MO coexisting with multiple types of metal ions and the removal rates of both heavy metal ions and MO enhanced, it could be likely ascribed to (i) the electron traps of heavy metals reduced from solution, (ii) an additional amino group offered by the adsorbed MO, and (iii) redox reactions taking place among coexisting heavy metal ions. To better utilize LDH films in wastewater treatment, further research is needed, including the following: (1) to study the factors and growth mechanism of LDHs, such as controlling the deposition conditions of M(II) and M(III) ions, additive types and concentrations, and preparation methods, so as to obtain a single LDH phase with different morphologies; (2) to explore the factors affecting the photocatalytic performance of LDH films, such as pH values of solution and the amount of photocatalyst; and (3) to explore different substrates with excellent carrier mobility, which could influence the photocatalytic performance of LDHs. This study provides new insights into the simultaneous removal of toxic heavy metals and dyes using LDH films.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Aluminum nitrate (Al(NO~3~)~3~·9H~2~O), nickel nitrate (Ni(NO~3~)~2~·6H~2~O), sodium nitrate (NaNO~3~), silver nitrate (AgNO~3~), cupric nitrate (Cu(NO~3~)~2~), lead nitrate (Pb(NO~3~)~2~), urea, acetone, ethyl alcohol, and methyl orange (MO) were purchased from Sinopharm Chemical Reagent Co. Ltd. Al(OH)~3~ was purchased from Tianjin Ruijin Chemical Co., Ltd. All materials were used as received without further purification. The conductive cloth used in the experiment is made of polyethylene terephthalate (PET) fiber and coated with copper. The thickness is 0.08 ± 0.02 mm.

4.2. Synthesis of NiAl-LDHs {#sec4.2}
---------------------------

NiAl-LDHs were prepared using the method previously reported with small modification.^[@ref13]^ The detailed experimental conditions were as follows. The conductive cloth (2 cm × 6 cm, 0.1050 ± 0.0005 g) was cleaned with a mixed solution of deionized water, ethanol, and acetone (volume ratio, 1:1:1) in an ultrasonic bath for 30 min. Ni(NO~3~)~2~·6H~2~O (15 mmol), Al(NO~3~)~3~·9H~2~O (5 mmol), and urea (50 mmol) were dissolved in deionized water (80 mL) under magnetic stirring to form a clear solution. The conductive cloth was vertically placed in the solution without stirring and heated at 110 °C for 8 h.

It can be seen that a thin film was formed on the bottom side of the conductive cloth, while NiAl-LDHs were always deposited on its upper side ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}). Generally, the films reported in the literature are usually referred to the samples grown on the bottom side of substrates, while the samples deposited on the upper surface were often materials on the properties of films. In our experiments, two pieces of conductive cloth were sewed together and put into the autoclave. After the reaction, both sides of the conductive cloth were washed with deionized water to remove excess sediments. Then, the conductive cloth was separated to obtain NiAl-LDH deposition films and growth films ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}a). If one piece of conductive cloth was put into the reaction solution, then NiAl-LDHs were found on both sides of the conductive cloth, denoted as NiAl-LDH composite films ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}b). NiAl-LDH powders were prepared under the same experimental conditions but without conductive cloth ([Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}c).

![Schematic diagram of NiAl-LDHs grown in an autoclave: (a) deposition films and growth films, (b) composite films, and (c) powders.](ao0c02875_0013){#fig12}

4.3. Photocatalytic Property Measurement {#sec4.3}
----------------------------------------

The photocatalytic degradation of MO by NiAl-LDHs was studied in the presence of metal ions. NiAl-LDHs (films or powders) were immersed in mixed solutions of MO (0.02 g/L) and one to three types of metal ions (0.02 g/L; NaNO~3~, AgNO~3~, Cu(NO~3~)~2~, and Pb(NO~3~)~2~) with different Fermi levels (*E*~F~), which were kept in the dark for 30 min to ensure adsorption--desorption equilibrium. *E*~F~ values for Na, Ag, Cu, and Pb are 3.23, 5.48, 7.00, and 9.37 eV,^[@ref56]^ respectively. The weight of the NiAl-LDH films was calculated from the formula *m = m*~1~ -- *m*~0~, where *m*~0~ and *m*~1~ represent the weights of the substrate before and after NiAl-LDH growth, respectively. Analytical samples were removed from the solution after various irradiation times and analyzed using a UV--Vis spectrophotometer at 464 nm. The removal rate of MO was calculated by the formula *R*% = (*C*~0~ -- *C~t~*)/*C*~0~ × 100%, where *C*~0~ and *C~t~* (mg/L) represent the equilibrium concentrations of MO initially and at the time *t*, respectively. If NiAl-LDH composite films were used as the photocatalyst, then the growth film side faces toward the light and is directly illuminated ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)). Meanwhile, the removal of heavy metal ions by NiAl-LDHs was also studied.

For comparison, three blank experiments were conducted: (1) in the presence of NiAl-LDHs as the photocatalyst without irradiation, which is the adsorption property of NiAl-LDH (films and powders), (2) in the absence of photocatalyst (NiAl-LDHs) but under irradiation, and (3) A single phase of Al(OH)~3~ was used to study the role of Al(OH)~3~ in photocatalytic performance (JCPDS file no. 74-1774, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf)b).

4.4. Characterization {#sec4.4}
---------------------

X-ray powder diffraction (XRD) patterns were recorded using a D8 ADVANCE X-ray diffractometer with Cu K~α~ radiation (λ = 0.15406 nm). The scanning electron microscopy (SEM) images were recorded on an FEI-Sirion 200F field emission scanning electron microscope. The transmission electron microscopy (TEM) images, high-resolution transmission electron microscopy (HRTEM) images, selected area electron diffraction (SAED) patterns, and the energy dispersive spectroscopy (EDS) spectra were taken with an FEI-Tecnai G2 field emission transmission electron microscope. The samples were obtained by peeling off the NiAl-LDH film from the substrate. The Fourier transform infrared (FTIR) spectra were recorded by a Thermo Nicolet 5700. The chemical state of LDHs was investigated by X-ray photoelectron spectroscopy (XPS) on an ESCALAB 250Xi photoelectron spectrometer with Al K (1486 eV) as the excitation light source. The contents of metal ions in the solution were analyzed by an atomic absorption spectrophotometer (TAS-990AFG). The UV--Vis diffuse reflectance spectra were recorded by a UV--Vis spectrophotometer (UV-3900H, Hitachi).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02875](https://pubs.acs.org/doi/10.1021/acsomega.0c02875?goto=supporting-info).Experimental data; summary of adsorption kinetics parameters (adsorption of MO by NiAl-LDHs) (Table S1); summary of photocatalytic degradation kinetics parameters (degradation of MO by NiAl-LDHs) (Table S2); element content of EDS spectra for NiAl-LDH composite films after photocatalytic reaction (Table S3); schematic diagram of film and light placement (Figure S1); XRD patterns of NiAl-LDHs and Al(OH)~3~ (Figure S2); high-resolution XPS spectra of Al 2p and Ni 2p (Figure S3); photocatalytic degradation curve of methyl orange with Al(OH)~3~ as the catalyst (Figure S4); removal rate of MO by NiAl-LDH powders (Figure S5); pseudo-second-order kinetic model of adsorption reaction and photocatalytic reaction (Figure S6); pseudo-first-order kinetic model of adsorption reaction and photocatalytic reaction (Figure S7); Langmuir--Hinshlwood kinetic model of adsorption reaction and photocatalytic reaction (Figure S8) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02875/suppl_file/ao0c02875_si_001.pdf))
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